In Bradyrhizobium japonicum, the nitrogen-fixing soya bean endosymbiont and facultative denitrifier, three CRP (cAMP receptor protein)/FNR (fumarate and nitrate reductase regulatory protein)-type transcription factors [FixK 1 , FixK 2 and NnrR (nitrite and nitric oxide reductase regulator)] have been studied previously in the context of the regulation of nitrogen fixation and denitrification. The gene expression of both fixK 1 and nnrR depends on FixK 2 , which acts as a key distributor of the 'low-oxygen' signal perceived by the twocomponent regulatory system FixLJ. While the targets for FixK 1 are not known, NnrR transduces the nitrogen oxide signal to the level of denitrification gene expression. Besides these three regulators, the complete genome sequence of this organism has revealed the existence of 13 additional CRP/FNR-type proteins whose functions have not yet been studied. Based on sequence similarity and phylogenetic analysis, we discuss in this paper the peculiarities of these additional factors.
Introduction
The superfamily of CRP (cAMP receptor protein)-like and FNR (fumarate and nitrate reductase regulatory protein)-like transcription factors comprises proteins which respond (directly or indirectly) to a broad spectrum of intracellular and exogenous signals (cAMP, oxygen or redox state, oxidative and nitrosative stress, nitric oxide, carbon monoxide, 2-oxoglutarate, or temperature; for a review, see [1] ).
All members of this family are predicted to be structurally related to CRP. They consist of four functionally distinct domains: (i) a sensor domain, (ii) a series of β-strands (β-roll structure) which form a loop-like structure making contact with the RNA-polymerase holoenzyme, (iii) a long α-helix which acts as a dimerization interface and (iv) a C-terminal helix-turn-helix motif involved in DNA binding.
Based on overall amino acid sequence similarity and distinct structural features, the family of CRP/FNR transcription factors can be divided into three subgroups with FNR, CRP and NtcA as the prototypes of the three subgroups [2] . The CRP group predominantly comprises transcription factors that activate genes in response to glucose starvation. The NtcA group mainly includes regulators of cyanobacterial nitrogen and sulphur metabolism. The FNR group can be further subdivided into four classes (FNR, FnrN, FixK and DNR/FLP; for a review, see [3] ) on the basis of their phylogeny and the presence or absence of an N-terminal cysteine motif that is involved in the co-ordination of a redoxsensitive iron-sulphur cluster. While most of the redox-responsive FNR-and FnrN-type proteins exhibit the cysteine motif, members of the FixK subgroup lack this motif and thus are not redox-sensitive. DNR-like proteins regulate denitrification in response to nitrogen oxides, and members of the FLP subgroup respond to oxidative stress via a reversible dithiol-disulphide switch [3] .
With the increasing number of bacterial genomes sequenced over the last few years, many additional CRP/FNRlike proteins were discovered. Their phylogenetic relationship was analysed in a comprehensive study by Körner et al. [1] , which led to the definition of 14 functionally defined and a number of functionally uncharacterized main branches of the CRP/FNR protein family.
Bradyrhizobium japonicum is a Gram-negative soil bacterium which undergoes an N 2 -fixing symbiosis with its soya bean host plant. In this organism, a large group of genes required for microaerobic, anaerobic or symbiotic growth are controlled by two linked regulatory cascades, both responding to different oxygen concentrations [4] . In the FixLJFixK 2 -FixK 1 /NnrR (nitrite and nitric oxide reductase regulator) cascade, at least three CRP/FNR-like proteins (FixK 1 , FixK 2 and NnrR) accomplish distinct tasks (see below; [5] [6] [7] 
FixK 2 , a distributor of the low-oxygen signal perceived by FixLJ
The FixK 2 regulator plays a key role as a distributor of the 'low-oxygen' signal which is perceived and transduced by the superimposed FixLJ two-component regulatory system. In addition to being activated by FixJ-phosphate, the fixK 2 gene is repressed (directly or indirectly) by its own product (negative autoregulation; [7] [17] . FixK 2 transcriptional activity in vitro is controlled by an intermolecular disulphide bond formation (S. Mesa, unpublished work). This contrasts with other well-studied CRP/ FNR-type proteins, which require binding of effector molecules or cofactors in order to activate their target genes.
FixK 1 , an FNR-like protein with unknown function(s)
FixK 1 was the first CRP/FNR protein identified in B. japonicum on the basis of its similarity to the FixK protein of Sinorhizobium meliloti [5] . Although not implied by its name, it is a member of the FnrN subfamily (Figure 1) , and it contains the characteristic N-terminal cysteine motif with an altered spacing (Cys-Xaa 2 -Cys-Xaa 7 -Cys) which may bind an iron-sulphur cluster. When expressed in an E. coli fnr mutant, FixK 1 is able to activate FNR-dependent promoters in an oxygen-responsive manner. In B. japonicum, the fixK 1 gene is a direct target for activation by FixK 2 , and thus is oxygen-regulated via the FixLJ-FixK 2 cascade. Deletion of the fixK 1 gene has no effects on nitrogen fixation or anaerobic nitrate respiration, which both are affected in a B. japonicum fixLJ mutant [5] . At present, no target genes or operons are known for FixK 1 . By analogy with Pseudomonas aeruginosa ANR, Ps. stutzeri FnrA or Rhodopseudomonas palustris AadR, one may speculate that B. japonicum FixK 1 controls functions related to the anaerobic degradation of arginine or aromatic compounds (cf. [1] ).
NnrR, the transducer of the N oxide signal
The third CRP/FNR-type regulator NnrR represents another FixK 2 target, which mediates maximal expression of the denitrification genes (nir and nor genes) in response to the nitrogen oxide signal [6] . Unlike DNR-type proteins that regulate cytochrome cd 1 -containing nitrite reductases [18] , the nitrite reductase controlled by B. japonicum NnrR is a copper-containing enzyme. Another distinguishing feature of most of the NnrR-type factors as compared with DNR factors is a histidine substitution for the glutamate in the EXXSR motif of the putative DNA recognition helix [3] .
Proteins belonging to the NnrR group lack the N-terminal cysteine motif. By integrating the N oxide signal (presumably NO 2 − or NO or both), NnrR adds an additional control level to the FixLJ-FixK 2 cascade. Even though the identity of signalling molecule(s) and the sensing mechanism remain to be identified, it is likely that NnrR and its homologues can switch from an inactive to an active form in response to the N oxide signal.
A family of CRP/FNR-like regulators in B. japonicum
BLASTP searches in the predicted B. japonicum proteome (derived from the genome sequence; http://www.kazusa. or.jp/rhizobase/cgi-bin/blast.cgi; [8] ) with the FixK 1 , FixK 2 and NnrR amino acid sequences as queries revealed the presence of 13 additional, putative CRP/FNR transcriptional regulators in this organism. Based on an amino acid sequence alignment of all 16 CRP/FNR-type regulators of B. japonicum, the phylogenetic tree depicted in Figure 1 was constructed (T-COFFEE; http://www.ch.embnet.org/ software/TCoffee.html; PHYLIP; http://bioweb.pasteur.fr/ seqanal/phylogeny/phylip-uk.html). While clustering of 14 of the 16 B. japonicum proteins largely reflected seven previously defined clusters (FnrN, FixK, NnrR, A, C and G, pp [1] ), the proteins encoded by the open reading frames bll3193 and bll2244 were not assigned to any of those clades [1] . The protein encoded by bll3193 is 26% identical with the FNR homologue of Klebsiella oxytoca, which is probably equivalent to E. coli FNR as deduced from complementation studies with FNR of K. pneumoniae [19] . Bll3193 is phylogenetically related to Blr5805, and both constitute the lineage pp, which is closest to the PfrA and NtcA subgroups (Figure 1 ). The protein encoded by blr5805 has 29% identity with Actinobacillus pleuropneumoniae HlyX, an FNR-like protein that regulates virulence factor genes [20] . The product of bll2244 is most similar to the global nitrogen regulator NtcA from Nostoc sp. PCC 7120 (30% identity). In cyanobacteria, the NtcA protein is involved in the regulation of heterocyst differentiation and function [21, 22] .
The proteins Bll2109, Bll3466 and Bll7696 show highest similarity to the S. meliloti FixK protein. Together with FixK 2 (Blr2757), they constitute the B. japonicum FixK group, which lack the cysteine-based sensory module. In S. meliloti and other rhizobia, FixK proteins participate in signalling pathways that regulate transcription of operons required for respiration in the micro-oxic environment of the nodule.
Blr3814 is the only B. japonicum protein belonging to class A, which is closest to the FNR, FnrN and FixK subgroups [1] . It is most similar (23% identity) to Rhodobacter sphaeroides FnrL, which is involved in the regulation of genes functioning in photosynthesis and tetrapyrrole biosynthesis [23] .
Cluster C comprises the products of blr0395, blr0536 and bll5554. Blr0395 and Blr5554 have a conserved N-terminal histidine, a centrally located Cys-Xaa 3 -His motif and two C-terminal cysteine residues. Proteins showing this feature might bind an iron-sulphur cluster cofactor via histidine residue(s) [1] . The Blr0395 protein is 24% identical with Bordetella pertussis BTR, an FNR-like protein that is important for growth and survival of this pathogen in the human respiratory tract [24, 25] . Blr0536 exhibits 35% identity to the CRP-like protein Clp of Xanthomonas campestris pv. campestris, which mediates regulation of virulence traits in this phytopathogen [26] . Bll5554 resembles most the global nitrogen control transcriptional protein NtcA.
The B. japonicum proteins constituting class G (Bll0357, Blr5961 and Bll6060) are close homologues of CRP. E. coli CRP, the best studied example, controls a wide spectrum of functions such as metabolism of sugar or amino acids, transport, protein folding, toxin production and pilus synthesis. In Haemophilus influenzae, CRP is required for competence development [27] .
The newly identified B. japonicum CRP/FNR-like proteins lack the N-terminal cysteine motif that binds ironsulphur clusters. Yet, there are examples of CRP/FNR proteins such as Bacillus subtilis FNR, Lactococcus lactis FlpA or E. coli YeiL where the cysteine residues involved in the acquisition of iron-sulphur clusters are not N-terminally located [1] . Moreover, Lactobacillus casei FLP [28] responds to oxygen or oxidative stress via an intramolecular thioldisulphide switch. Remarkably, almost all of these newly identified proteins (with the exception of Bll3466 and Bl5961) contain several cysteine residues in their sequence. Whether or not these residues constitute a (putative) sensory module has yet to be elucidated.
Besides Magnetospirillum magnetotacticum MS-1 (19/9) and Desulfitobacterium hafniense DCB-2 (18/10) (in parentheses: number of CRP/FNR regulators/number of clades), B. japonicum is the example where the highest number of CRP/FNR-like proteins coexist in a single host [1] . The reason why B. japonicum harbours such a multitude of related transcription factors is not known. Gene duplication seems to be a rather common phenomenon in B. japonicum as numerous other examples of duplicated genes are known (e.g. rpoN 1+2 [9] , hemN 1+2 [14] and groESL [1] [2] [3] [4] [5] [29] ). Key questions with regard to the CRP/FNR protein family concern the nature of the signal(s) that is (are) perceived by individual regulators and the identity of the regulated target genes. In recent experiments, we have addressed the latter issue by using a B. japonicum whole genome microarray which, in combination with defined regulatory mutants and bioinformatics, turns out to be a very powerful tool for the characterization of regulons. For example, it reveals that what we have described as the FixK 2 regulon in the past is probably just the tip of the iceberg because there are probably many more genes that are (directly or indirectly) controlled by FixK 2 (F. Hauser, personal communication). Further characterization of their regulation and function will contribute to a better understanding of the regulatory networks into which the CRP/FNR proteins of B. japonicum are integrated.
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